INTRODUCTION
============

Among the various forms of DNA damage, double-strand breaks (DSB) are the most cytotoxic and genotoxic. Eukaryotic organisms use two major mechanisms to repair DSBs: non-homologous end-joining and homologous recombination. The non-homologous end-joining pathway brings any two broken DNA ends together and joins them; non-homologous end-joining can thus be mutagenic because the original DNA sequence is often altered before or during rejoining ([@B1],[@B2]). By contrast, homologous recombination, which uses the intact, homologous sister chromatid DNA to direct the repair reaction, is predominantly error-free ([@B2],[@B3]). The genetics and biochemistry of DSB repair by homologous recombination have been investigated extensively ([@B4],[@B5]); it is promoted by enzymes of the Rad52 epistasis group, including, in mammalian cells, Rad51, Rad52, Rad54 and the five Rad51 paralogues (Rad51B, Rad51C, Rad51D, XRCC2 and XRCC3). *In vitro*, Rad51 is sufficient to promote pairing of homologous DNA molecules and to initiate strand exchange between them. By comparison with RecA, its homologue in *Escherichia coli*, however, Rad51 has low ATPase and strand-exchange activity *in vitro* ([@B6; @B7; @B8]). In *E. coli* bacteria, ATP hydrolysis is necessary to achieve strand exchange over more than a few kilobases, to realign mispaired repeats, to overcome heterologous sequences and to promote four-strand reactions. In mammals, the low ATPase activity of hRad51 may be compensated by the involvement of numerous partner proteins that are known to cooperate with Rad51 in an ATP-dependent manner during eukaryotic recombination *in vivo* ([@B9; @B10; @B11]).

When a DSB forms, the ends of the DNA break are resected by nucleases to yield 3′ ssDNA tails on which Rad51 polymerizes ([@B4],[@B5]). Like RecA, Rad51 forms a right-handed helical nucleoprotein filament, in which the ssDNA is extended in length by a factor of 1.5 when compared to B-DNA ([@B12; @B13; @B14]). The pitch of the Rad51 nucleoprotein filament is 90--130 Å ([@B13],[@B14]) and the Rad51 helix involves 6.4--6.5 monomers per helical turn ([@B13],[@B15],[@B16]). Each hRad51 monomer covers about three bases (on ssDNA) or base pairs (on dsDNA) ([@B14; @B15; @B16]). The Rad51--ATP--ssDNA complex then searches for homologous sequences among neighbouring dsDNA molecules and homologous DNA strands are exchanged when homology is found.

Although hRad51 shares many structural and functional similarities with RecA and the general process of recombination is similar for both, it differs significantly from RecA in certain biochemical characteristics. RecA has a very strong preference for nucleation on ssDNA ([@B4],[@B5],[@B17]) and ATP hydrolysis promotes its dissociation from ssDNA and dsDNA ([@B17; @B18; @B19; @B20]), whereas hRad51 shows a preferential affinity for dsDNA ([@B21]), it has a very low ATPase activity ([@B6]) and ATP hydrolysis does not seem to correlate with hRad51 dissociation from dsDNA ([@B22],[@B23]). Since efficient strand exchange requires preferential binding to ssDNA rather than dsDNA ([@B7],[@B17]), this might explain hRad51\'s weaker strand-exchange activity *in vitro* when compared to RecA, and suggests that one of the roles of the numerous other proteins involved in HR *in vivo* may be to favour formation of hRad51--ssDNA nucleoprotein filaments over dsDNA ones. Such a role has been shown for Rad54 ([@B24],[@B25]), Rad52 ([@B26]), Rad55 and Rad57 ([@B27]) and BRCA2 ([@B28; @B29; @B30]).

The activity of hRad51 *in vitro* depends on the biochemical conditions and, especially, on the ionic environment; the role of divalent cations such as Mg^2+^ and Ca^2+^ is a key to hRad51 activity ([@B31; @B32; @B33]). Mg^2+^ is required by RecA--Rad51 family members to form the active ATP-bound nucleoprotein filament, but RecA and hRad51 require distinct Mg^2+^ concentrations to stimulate their activities. At high Mg^2+^ concentrations, the hRad51--ATP--ssDNA filament is quickly converted to an inactive hRad51--ADP--ssDNA form, due to relatively rapid ATP hydrolysis and slow dissociation of ADP. Ca^2+^ exerts its stimulatory effect by reducing the ATPase activity of hRad51, so maintaining the hRad51--ATP--ssDNA filament in its active form ([@B32],[@B33]). Furthermore, Ristic *et al.* ([@B34]) observed by using atomic force microscopy (AFM) that substituting Ca^2+^ for Mg^2+^ resulted in a reduced ATPase rate, and lead to more regular nucleoprotein filaments.

To fully understand homologous recombination, we must have knowledge of the kinetic, thermodynamic and mechanical aspects of hRad51 polymerization on both ssDNA and dsDNA. Here, we have followed this reaction in real time on single DNA molecules by monitoring the elongation of DNA manipulated with magnetic tweezers. The magnetic tweezers set-up we used to measure nucleoprotein filament length is illustrated in [Figure 1](#F1){ref-type="fig"} and was described in detail in previous articles ([@B35],[@B36]). With this device, a single DNA molecule, immobilized on the surface of a microfluidic flow cell, is attached at its free end to a magnetic bead. This allows the DNA molecule to be held under tension and to be manipulated by magnets. The length of the DNA (end-to-end distance) can then be measured in real time using a three dimensional tracking of the bead\'s position ([@B35]). Figure 1.The magnetic tweezers set-up. A single DNA molecule is attached by one end to the bottom surface of a microfluidic flow cell and by the other end to a magnetic bead. A pair of magnets placed above the cell creates a magnetic field with a horizontal direction and a strong vertical gradient that pulls the bead upwards. By moving the magnets in the z dimension, one can tune the force stretching the molecule in the range of 0.001--15 pN with a precision of 10% ([@B35], [@B36]). The extension of the DNA molecule is given by the distance between the bead and the glass surface, measured by real-time analysis of the bead\'s image recorded at 120 Hz through a 100× objective, with accuracy typically better than 5 nm. By rotating the magnets, one can control the DNA topology. Here, molecules that can freely rotate around one of the backbone links due to a single-strand nick (unconstrained dsDNA) were selected by their flat length-versus-torsion profile ([@B35]).

We examined hRad51 polymerization on unconstrained dsDNA (molecules with free rotation around a single-strand nick). First, we observed hRad51 polymerization under various forces at a fixed hRad51 monomer concentration; second, we fixed the stretching force during polymerization and tested several hRad51 concentrations. We studied polymerization in the presence of ATP, ATPγS (a poorly hydrolysable analogue of ATP), and AMP-PNP (a non-hydrolysable analogue of ATP). We then examined hRad51 polymerization on ssDNA as a function of the force applied to the molecule, and in the presence of various divalent cations and cofactors. Our results highlight the differences between the binding properties of the human protein and its bacterial homologue RecA.

MATERIALS AND METHODS
=====================

Microchannel
------------

A polydimethylsiloxane (PDMS) microchannel 2 cm long, 2 mm wide and 80 µm high was prepared according to Fulconis *et al.* ([@B37]), and placed on a glass coverslip of 24 mm × 40 mm (Erie Scientific Company, France) treated with anti-digoxigenin (Roche, France) for subsequent binding of digoxigenin-labelled DNA molecules. Prior to first use of the channel, bovine serum albumin (BSA; 10 mg ml^−1^) was injected into it and incubated overnight at 4°C to minimize adsorption of Rad51 onto the glass surface and onto the PDMS walls.

DNA construction
----------------

The DNA molecule held in the magnetic tweezers was a 14 400 base-pair fragment, ligated at one end to a multi-digoxigenin-labelled DNA fragment of 600 bp and at the other end to a multi-biotin-labelled fragment of about 820 bp. All the DNA fragments were obtained by polymerase chain reaction from phage λ DNA. The DNA molecules were then bound to a large excess of streptavidin-coated 2.8 µm magnetic beads (Dynal Biotech, Norway) in Binding Buffer (10 mM Tris--HCl, pH 7.5, 1 mM EDTA, 50 mM NaCl) by interaction of the biotin label with the streptavidin. For experiments involving dsDNA, the biotinylated dsDNA molecules were incubated with the beads at room temperature. For experiments involving ssDNA, we heated the solution containing DNA molecules in Binding Buffer at 96°C for 90 s in order to denature the DNA duplexes, and then plunged the solution into ice to avoid rehybridization, prior to incubating the denatured DNA with the beads. In assays with dsDNA and ssDNA, the DNA-bound bead suspension was introduced at a controlled flow rate into the PDMS microchannel. After 30 min of incubation, most of the unbound beads were washed out of the channel with TE buffer (10 mM Tris--HCl, 1 mM EDTA, pH 7.5).

Preparation of hRad51 protein
-----------------------------

The human Rad51 (hRad51) gene was inserted at the NdeI site of the pET15b expression vector (Novagen) and expressed in the *E. coli* JM109 (DE3) strain, which also carries an expression vector for the minor tRNAs (Codon (+) RIL, Novagen), to produce hexahistidine-N-terminus-tagged hRad51. The protein was purified on nickel--nitrilotriacetic acid (Ni--NTA)--agarose (Invitrogen, France). The hexahistidine tag was then removed from the hRad51 portion of the protein with thrombin protease (Amersham Biosciences, USA): SDS--PAGE (SDS--polyacrylamide gel electrophoresis) showed that more than 90% of the tag was eliminated. The solution was then dialysed against 100 mM Tris--acetate buffer pH 7.5 containing 5% glycerol and 7 mM spermidine to precipitate the protein. The precipitated protein was dissolved in 100 mM potassium phosphate buffer pH 7.0 containing 150 mM NaCl, 1 mM EDTA, 2 mM 2-mercaptoethanol and 10% glycerol and further purified by chromatography on a MonoQ column (Amersham Biosciences, USA). The purified hRad51 was dialysed against 20 mM HEPES-NaOH buffer pH 7.5 containing 150 mM NaCl, 0.1 mM EDTA, 2 mM 2-mercaptoethanol and 10% glycerol. The protein concentration was determined using the Bio-Rad protein assay kit using BSA as the standard protein.

Typical experimental conditions
-------------------------------

Polymerization of hRad51 on dsDNA and ssDNA was tested in two different buffers: buffer A (2 mM MgCl~2~, 15 mM Tris--HCl, pH 7.5, 25 mM NaCl, 1 mM DTT, 0.05% Tween 20) and buffer B (5 mM CaCl~2~, 25 mM Tris--HCl, pH 7.5, 1 mM DTT, 0.05% Tween 20). The hRad51 protein was used at eight different concentrations: 3 µM, 200 nM, 150 nM, 125 nM, 100 nM, 50 nM, 25 nM and 20 nM. The hRad51 solution, prepared as described above, was injected at a constant flow (200 µl h^−1^) for 3 min into the PDMS microchannel to allow the protein solution to reach the DNA molecule held in the tweezer. During this buffer-exchange step, the length of the molecule could not be recorded accurately, because it was perturbed by lateral friction forces. After 3 min, when the flow was stopped, the length of the DNA was recorded by 3D tracking of the magnetic bead, as described in ref. ([@B35]).

Due to diffusion-convection processes occurring during injection of the protein into the microchannel, the protein concentration in the vicinity of the DNA is variable for a finite period. To estimate the duration of this period, we inferred the protein\'s diffusion coefficient from Einstein\'s equation: where *r*~Rad51~, the radius of one monomer (considered spherical), is ∼34 Å. This leads to *D*~Rad51~ = 6 × 10^−11^ m^2^ s^−1^. Then, the period of concentration build-up is approximated as: where τ is the duration of the injection step and ν is the average speed of the flow inside the channel. Taking into account the dimensions of the channel, the flow rate during the injection and the injection time (around 200 s), we calculate that the period of concentration build-up is about 1 s.

In all the experimental conditions used here, the amount of DNA bound to the coverslip in the microchannel was small enough to avoid any significant depletion of protein from its initial concentration. The volume of the cell is 3 µl; at the lowest hRad51 concentration used in our experiments (20 nM), the total number of hRad51 monomers inside the microchannel is therefore (3 × 10^−6^) ×(20 × 10^−9^) × (6 × 10^23^) = 3.6 × 10^10^. The number of DNA molecules attached to the surface of the microchannel, estimated by direct visual counting, is around 500. One DNA molecule, when completely covered by protein, captures around 5000 Rad51 monomers (with a stoichiometry of one monomer for 3 bp of DNA). Thus, the total number of proteins involved in nucleoprotein filaments cannot exceed 500 × 5000 =2.5 × 10^6^, about 10^4^ times less than the lowest bulk protein concentrations used in this study. The protein concentration in the bulk solution can then be considered constant throughout each experiment.

All the experiments reported in the 'Results' section were performed at 24 ± 2°C. Experiments performed at 20°C showed that the polymerization depends rather strongly on temperature: at 20°C, the initiation of polymerization was delayed compared to at 24°C and some DNA molecules were never covered by hRad51 within an experimental time of a few hours in the presence of ATP (data not shown).

Conversion of the polymerization velocity from nm·s^−1^ into monomers·s^−1^
---------------------------------------------------------------------------

To convert velocities of elongation from nm s^−1^ into monomers s^−1^, we needed to determine how many monomers are involved in elongating the nucleoprotein fibre by 1 nm. Considering that each hRad51 monomer covers 3 bp and stretches these base pairs by a factor of 1.5, the protein contribution to the end-to-end distance of the filament is calculated as 3 × 1.5 × *d*~0~, where *d*~0~ is 0.34 nm, the rise per base pair in B-DNA. In other words, we neglect the thermal fluctuations of the nucleoprotein complex and assume that, under the stretching forces used for studying hRad51 polymerization, between 2.8 and 7 pN, the nucleoprotein filament is essentially fully extended. This assumption is justified by the previously reported values of the persistence length of DNA--hRad51 nucleoprotein filaments ([@B32]), and its self-consistency with our own results will be discussed in the Results section. We also assume that the mean length of 3 bp of naked DNA along the vertical axis is 3 × *d*~0~ × *L*(*F*)/*L*~c~, where *L*(*F*) is the distance between the ends of a the DNA molecule pulled at a force *F*, and *L*~c~ is its crystallographic length. *L*(*F*) is given by the force--extension response curve of the DNA molecule, and is always smaller than *L*~c~, since deformations of the molecule by Brownian motion tends to reduce its end-to-end distance ([@B35]). Then, one monomer induces a change in the distance between the ends of the DNA molecule of 3 × *d*~0~ × \[1.5−*L*(*F*)/*L*~c~\].

Calculation of the portion of DNA covered by hRad51
---------------------------------------------------

To calculate the portion of DNA covered by hRad51 at the end of polymerization, *p*, we assumed that the measured length is a linear combination of the naked DNA part and of the DNA part covered by hRad51, the covered regions being extended by a factor of 1.5. Thus, where *l*~initial~ is the DNA length measured before hRad51 injection, *l*~final~ is the length of the nucleoprotein filament measured at the end of the experiment and *L~c~* is the DNA crystallographic length (see Supplementary Data for details).

Determination of the nucleoprotein filament\'s persistence length
-----------------------------------------------------------------

The persistence length quantifies the bending stiffness of a polymer. The persistence length of nucleoprotein filaments was measured by fitting their experimental force versus length behaviour to the worm-like chain (WLC) model ([@B35],[@B36]) in a large range of forces (typically from 10^−3^ to 10 pN) after full completion of the polymerization. The nucleoprotein filament being not totally homogeneous, the persistence length extracted from the WLC model is only an average value, and it will be called effective persistence length in the following.

RESULTS
=======

Polymerization on and depolymerization from unconstrained dsDNA
---------------------------------------------------------------

### The effect of applied force on the formation of a nucleoprotein filament

We first analysed the polymerization kinetics of hRad51 on an unconstrained dsDNA molecule held in the tweezers at various applied forces ranging from 0.5--7 pN ([Figure 2](#F2){ref-type="fig"}). After recording the length of a single DNA molecule for 600 s, we injected 100 µM ATP and 200 nM hRad51 protein in buffer A (see 'Materials and Methods' section) into the microchannel. Assembly of hRad51 started immediately as indicated by elongation of the DNA molecule ([Figure 2](#F2){ref-type="fig"}A). Each experiment was repeated at least twice for each force (total of 11 experiments). The difference between experiments performed at the same force never exceeded 5%. Figure 2.The effect of applied force on the formation of a hRad51--dsDNA nucleoprotein filament. (**A**) Polymerization of 200 nM hRad51 in buffer A containing 100 µM ATP on a single unconstrained dsDNA molecule held at 7 pN (red); 6 pN (yellow); 4 pN (green); 3 pN (cyan) or 2.8 pN (magenta). Black lines represent the fits obtained from Equation ([2](#M8){ref-type="disp-formula"}c) (see 'Results' section). (**B**) Extension versus force curves after polymerization at different forces. Magenta, blue, green, yellow and red curves correspond to hRad51 nucleofilaments formed respectively at 2.4, 2.6, 4.0, 5.0 and 7.0 pN. The black curve corresponds to a naked dsDNA.

When the length of the molecule reached equilibrium, the fractional DNA coverage by hRad51 proteins was calculated using Equation ([1](#M1){ref-type="disp-formula"}). In the range of 3--7 pN, we obtained a coverage of 80 ± 4% (mean ± SD, *n* = 11) of the DNA with no apparent systematic dependence upon the force applied during incubation ([Table 1](#T1){ref-type="table"}). This suggests that the coverage of dsDNA by hRad51 is strongly favoured thermodynamically, consistent with earlier studies ([@B16],[@B21]). Table 1.The influence of the force applied on an unconstrained dsDNA on hRad51 nucleoprotein filament polymerizationForce during incubation (pN)Percentage of hRad51 filament (%)Initial polymerization velocity (nm s^−1^)0.5 ± 0.165 ± 52.1 ± 0.1 (69 ± 1 monomers min^−1^)2.8 ± 0.274 ± 55.0 ± 0.1 (520 ± 10 monomers min^−1^)3.0 ± 0.387 ± 56.2 ± 0.1 (640 ± 10 monomers min^−1^)4.0 ± 0.482 ± 56.3 ± 0.1 (660 ± 10 monomers min^−1^)6.0 ± 0.678 ± 57.8 ± 0.2 (840 ± 20 monomers min^−1^)7.0 ± 0.779 ± 514.5 ± 0.4 (1550 ± 40 monomers min^−1^)[^1]

We measured the initial polymerization rate (initial slope of the length versus time curves; see [Table 1](#T1){ref-type="table"}). In contrast to the extent of coverage, the initial polymerization velocity increases with the force applied, from 2.1 ± 0.1 nm s^−1^ (69 ± 1 monomers·min^−1^) at 0.5 ± 0.1 pN to 14.5 ± 0.4 nm s^−1^ (1550 ± 40 monomers·min^−1^) at 7 ± 0.7 pN.

Finally, the force versus extension response of the hRad51--ATP--dsDNA nucleoprotein filament was measured after completion of polymerization ([Figure 2](#F2){ref-type="fig"}B), and quantitatively fitted by the extended series expansion expression for the WLC model ([@B38]). The effective persistence length presents a large variation, but no simple-to-interpret systematic trend (see Supplementary Data, Table ST1, Figure SF1 and the associated text). Averaging over all experiments involving filaments polymerized at different forces, we found an average effective persistence length of 390 ± 150 nm.

### Effect of protein concentration on the formation of the nucleoprotein filament

We next analysed the polymerization kinetics as a function of hRad51 concentration ([Figure 3](#F3){ref-type="fig"}). An unconstrained dsDNA molecule was maintained in the magnetic tweezers under a force of 6 pN and the length of the DNA was measured as a function of time. After 600 s, a solution containing hRad51 and 100 µM ATP in buffer A was injected into the microchannel. The kinetics of nucleoprotein filament growth and the maximal length were measured on independent DNA molecules at seven different hRad51 concentrations: 20, 25, 50, 100, 125, 150 and 200 nM. All experiments were reproduced at least twice ([Figure 3](#F3){ref-type="fig"}A; data obtained for two independent measurements under the same experimental conditions are represented with the same colour). For all experiments at hRad51 concentrations below 50 nM (three measurements in total), we observed no significant change in the filament length up to 3 h ([Figure 3](#F3){ref-type="fig"}A, grey curve). At concentrations of 100--200 nM ([Figure 3](#F3){ref-type="fig"}A, green, magenta, blue and red curves), the filament length increased significantly. The initial polymerization rate and the final length of the nucleoprotein filament depended directly on the protein concentration. [Table 2](#T2){ref-type="table"} summarizes the initial polymerization rate and the percent coverage at the end of the polymerization for each hRad51 concentration. The shape of the length versus time curves also varied depending upon the protein concentration. At 100 nM hRad51, we observed a linear increase in nucleoprotein filament length with two distinct slopes ([Figure 3](#F3){ref-type="fig"}A, green curve), the initial polymerization rate being 50 times smaller than the initial polymerization rate at 200 nM hRad51. The final percent coverage at 100 nM hRad51 reached 28 ± 5% of the DNA molecule ([Table 2](#T2){ref-type="table"}).At 125 nM hRad51, the plot of length versus time showed abrupt jumps and variability in the final length from one experiment to the other ([Figure 3](#F3){ref-type="fig"}A, magenta curves). The final percent coverage reached 36 ± 13% of the DNA molecule ([Table 2](#T2){ref-type="table"}, average of the two experiments represented in magenta, [Figure 3](#F3){ref-type="fig"}A). Note that the final length did not vary even when the duration of the incubation was extended to 5 h.At 150 nM hRad51, variations in the final length were smaller than at 125 nM, but we observed again a stepwise increase in the length ([Figure 3](#F3){ref-type="fig"}A, blue curves). We always observed the jumps in length at this concentration, but the position and the slope of these jumps varied (Supplementary Data). The final coverage at 150 nM reached 60 ± 3% of the DNA molecule ([Table 2](#T2){ref-type="table"}, average of the two experiments represented in blue, [Figure 3](#F3){ref-type="fig"}A).At 200 nM hRad51, we no longer observed stepwise increases in the length of the filament; the plot had a regular and very reproducible shape ([Figure 3](#F3){ref-type="fig"}A, red curve). The coverage reached 78 ± 5% of the DNA molecule ([Table 2](#T2){ref-type="table"}). Moreover, once the nucleoprotein filament length reached equilibrium, it was stable for several hours in the presence of hRad51 monomers and ATP. Figure 3.The effect of hRad1 protein concentration on the formation of the nucleoprotein filament. (**A**) Polymerization on unconstrained dsDNA at 6 pN applied force in buffer A containing100 µM ATP and different concentrations of hRad51 : 50 nM hRad51 (grey); 100 nM hRad51 (green); 125 nM hRad51 (magenta); 150 nM hRad51 (blue) and 200 nM hRad51 (red). Data obtained under the same experimental conditions are represented with the same colour. (**B**) hRad51 concentration versus the initial slope of the curves shown in (A). The black straight line is a linear fit of the experimental data. The dotted lines represent the minimum and maximum slopes of the linear fit. Table 2.The influence of hRad51 concentration on the polymerization rate and the percentage of coverage. The dsDNA is maintained at 6 pN in all experimentshRad51Initial polymerization velocity (nm s^−1^ and monomers min^−1^)Percentage of hRad51 coverage (%)2000250050001000.3 ± 0.1 (30 ± 10 monomers min^−1^)28 ± 51251.3 ± 0.1 (140 ± 10 monomers min^−1^)36 ± 131504.2 ± 0.1 (450 ± 10 monomers min^−1^)60 ± 32007.8 ± 0.2 (840 ± 20 monomers min^−1^)78 ± 5

The initial polymerization velocity also depended on the protein concentration. A log--log plot of hRad51 initial polymerization rate versus hRad51 concentration ([Figure 3](#F3){ref-type="fig"}B) revealed a strongly non-linear dependence of the initial slope; a power-law fit yielded an exponent of 5.5 ± 1.5.

### Depolymerization of hRad51 from a dsDNA nucleoprotein filament in the presence of ATP

To analyse the contribution of hRad51 depolymerization to our assay, we monitored the length of a preassembled hRad51 nucleoprotein filament in the absence of hRad51 monomers ([Figure 4](#F4){ref-type="fig"}). After polymerization at 200 nM hRad51 on dsDNA at 3 ± 0.3 pN, we removed the hRad51 monomers by rinsing the microchannel with buffer A containing 100 µM ATP for 10 min. We then measured the variation of the filament\'s length as a function of time, keeping the applied force at 3 pN. Immediately after the rinsing step, the nucleoprotein filament\'s length was unchanged: hRad51 monomers bound to the dsDNA molecule apparently did not dissociate from the DNA during rinsing. Subsequently, the filament\'s length decreased slowly at a constant velocity of 6.22 × 10^−2^ ± 1 × 10^−4^ nm s^−1^. If this length decrease was a consequence of depolymerization (see 'Discussion' section), it would correspond to a depolymerization rate of 6 ± 1 monomers min^−1^. This rate is two orders of magnitude slower than the initial polymerization rate (6.2 ± 0.1 nm s^−1^ or 640 ± 10 monomers min^−1^ when the DNA is pulled at 3.0 ± 0.3 pN; see [Table 1](#T1){ref-type="table"}). Figure 4.Depolymerization of hRad51 from dsDNA in the presence of buffer A. The dsDNA was maintained at 3 pN applied force throughout the experiment. After polymerization of 200 nM hRad51, we rinsed out the free hRad51 monomers with buffer A containing 100 µM ATP. During the rinsing step, the nucleofilament was bent due to the flow, so the apparent length decreased. After rinsing, the length of the nucleofilament was monitored for a further 100 min.

To measure the dependence of the depolymerization rate on the force exerted on the DNA, we performed similar rinsing experiments to that illustrated in [Figure 4](#F4){ref-type="fig"}, exerting a force of 6, 3 or 1.5 pN on the filament during depolymerization ([Table 3](#T3){ref-type="table"} and Supplementary Data Figure SF2). Note that in all cases polymerization was carried out under a force of 6 pN to ensure similar initial conditions. We observed that the depolymerization rate decreased exponentially with the force. Table 3.The effects of nucleotide cofactors on the structure of the hRad51--DNA complexATPAMP-PNPdsDNAPersistence length390 ± 150 nm190 ± 60 nmInitial polymerization velocity at 6 pN7.8 ± 0.2 nm s^−1^1.91 ± 0.02 nm s^−1^840 ± 20 monomers min^−1^205 ± 2 monomers s^−1^Percentage of extension82 ± 2%45 ± 4%Depolymerization velocity at 6 pN2.5 × 10^−2^ ± 2 × 10^−3^ nm s^−1^2.6 × 10^−2^ ± 1 × 10^−3^ nm s^−1^3 ± 1 monomers min^−1^3 ± 1 monomers min^−1^Depolymerization velocity at 3 pN6.22 × 10^−2^ ± 1 × 10^−4^ nm s^−1^0.40 ± 0.01 nm s^−1^6 ± 1 monomers min^−1^41 ± 1 monomers min^−1^Depolymerization velocity at 1.5 pN9.1 × 10^−2^ ± 3 × 10^−3^ nm s^−1^0.46 ± 0.01 nm s^−1^9 ± 1 monomers min^−1^45 ± 1 monomers min^−1^SsDNAPersistence length360 ± 30 nm460 ± 40 nmInitial polymerization velocity at 6 pN (nm s^−1^)80 ± 10 nm s^−1^29.3 ± 0.4 nm s^−1^8000 ± 1000 monomers min^−1^2800 ± 40 monomers min^−1^Percentage of extension88 ± 2%81 ± 5%Initial depolymerization velocity at 6 pN4.7 ± 0.5 nm s^−1^\<0.075 nm s^−1^450 ± 50 monomers min^−1^[^2]

### Effect of nucleotide cofactors on nucleoprotein filament polymerization and depolymerization

Finally, we analysed the effects of various nucleotide cofactors on the kinetics of hRad51--dsDNA filament formation. Holding a single dsDNA molecule at an applied force of 4 pN in the microchannel, we injected a solution containing 200 nM hRad51 in buffer A and 100 µM ATP, ATPγS or AMP-PNP and measured nucleoprotein filament growth with time ([Figure 5](#F5){ref-type="fig"}). Three independent measurements were made for each nucleotide. [Figure 5](#F5){ref-type="fig"}A presents typical length versus time curves obtained for each cofactor. In the presence of ATP, we observed a variation of less than 5% between measurements of the initial polymerization rate and of the equilibrium filament length (data not shown), whereas in the presence of ATPγS or AMP-PNP, the measurements were less reproducible (three curves obtained under the same conditions on independent molecules are plotted for both ATPγS and AMP-PNP). In each case, we evaluated the initial polymerization velocity and the percentage of extension (see supplementary discussion on the calculation of hRad51 coverage in the presence of AMP-PNP and ATPγS). The percentage of extension ([Table 3](#T3){ref-type="table"}) shows that, in the presence of AMP-PNP, hRad51 does not bind dsDNA as efficiently as in the presence of ATP: indeed, the final percentage of extension reached only 45 ± 4% of the DNA molecule (average of three experiments). Figure 5.The effect of nucleotide cofactor on the formation of the nucleoprotein filament. (**A**) Polymerization of 200 nM hRad51 on unconstrained dsDNA held at 4 pN in buffer A containing: 100 µM ATP (brown); 100 µM AMP-PNP (cyan, green and blue), or 100 µM ATPγS (pink, red and magenta). The insert shows the polymerization curves during the first 500s. The experiment was reproduced three times on independent molecules under the same conditions. (**B**) Extension versus force curves after polymerization in the presence of different cofactors as in (A): ATP (brown); AMP-PNP (blue); ATPγS (pink).

[Figure 5](#F5){ref-type="fig"}B presents force versus extension curves of the nucleoprotein filaments formed with each cofactor; effective persistence lengths were extracted in each case by applying the WLC model ([Table 3](#T3){ref-type="table"}). We measured a persistence length of 190 ± 60 nm (average of seven experiments on independent molecules) in the case of nucleoprotein formed in the presence of 100 µM AMP-PNP and stretching the DNA at 6 pN. Thus, hRad51-AMP-PNP-dsDNA nucleofilaments are less rigid than hRad51-ATP-dsDNA ones: this is consistent with their lower hRad51 coverage. In the presence of ATPγS, the final extension of the hRad51-ATPγS-ssDNA was even shorter ([Figure 5](#F5){ref-type="fig"}A) and we measured an average persistence length of 145 ± 20 nm (average of three experiments on independent molecules).

We performed, on hRad51--dsDNA filaments preassembled with AMP-PNP as the nucleotide cofactor, depolymerization experiments similar to those performed on filaments preassembled with ATP ([Figure 4](#F4){ref-type="fig"}). After assembly, we rinsed the free hRad51 monomers out of the microchannel and followed the length of the filament over time when a force of 6, 3 or 1.5 pN was applied ([Table 3](#T3){ref-type="table"}). At 6 pN, depolymerization was comparable to that observed for hRad51-ATP-dsDNA. At 3 and 1.5 pN, depolymerization was six times faster in the case of hRad51-AMP-PNP-dsDNA than hRad51-ATP-dsDNA. HRad51-AMP-PNP-dsDNA nucleoprotein filaments seem to depolymerize quickly at low force whereas hRad51-ATP-dsDNA stay stable at the different forces tested.

Polymerization on and depolymerization from ssDNA
-------------------------------------------------

### Polymerization kinetics on ssDNA

In a first series of experiments, ssDNA molecules were stretched at a force of 6 pN to unfold their secondary structures and the polymerization of various concentrations of hRad51 was studied in the presence of different divalent cations ([Figure 6](#F6){ref-type="fig"}). Under the conditions used for polymerization on dsDNA (200 nM hRad51 in buffer A containing 100 µM ATP), the ssDNA molecule\'s length increased only slightly and continued fluctuating with an amplitude larger than that observed after length stabilization during polymerization experiments on dsDNA ([Figure 6](#F6){ref-type="fig"}A, magenta curve, and [Table 4](#T4){ref-type="table"}). According to Equation ([1](#M1){ref-type="disp-formula"}), only 13 ± 5% of the ssDNA molecule was covered by hRad51, indicating less efficient hRad51 coverage of ssDNA than of dsDNA under these conditions. Even at higher hRad51 and ATP concentrations (3 µM hRad51 and 1 mM ATP), the molecule\'s length remained unstable and relatively short, with a percent coverage of 25 ± 5% ([Figure 6](#F6){ref-type="fig"}A, red curve). It was reported previously that Ca^2+^ ions stabilize the interaction between hRad51 and ssDNA by reducing the rate of ATP hydrolysis and stimulating strand-exchange activity ([@B32]). We therefore investigated hRad51 polymerization on ssDNA in buffer B, which contains 5 mM Ca^2+^ (see 'Materials and Methods' section). At 200 nM hRad51 and 100 µM ATP, the coverage improved in the presence of Ca^2+^ compared to Mg^2+^ but it was still incomplete (36 ± 5%; [Figure 6](#F6){ref-type="fig"}A, green curve). At 3 µM hRad51 and 1 mM ATP, however, the final extension reached 7 µm, corresponding to coverage of 88 ± 5% ([Figure 6](#F6){ref-type="fig"}A, blue curve). In this case, we measured an effective persistence length ξ = 358 ± 30 nm ([Figure 6](#F6){ref-type="fig"}B, blue curve). The persistence length is dramatically modified, as compared to that of ssDNA (black dots). This figure also plots the force versus length of nucleoprotein filaments assembled in the presence of ATPγS (discussed later). Figure 6.Kinetics of polymerization of hRad51 on ssDNA. (**A**) Polymerization of hRad51 on ssDNA in the presence of 5 mM Mg^2^**^+^** (buffer A) or 5 mM Ca^2+^ (buffer B): 200 nM hRad51, 100 µM ATP, buffer A (magenta); 3 µM hRad51, 1 mM ATP, buffer A (red); 200 nM hRad51, 100 µM ATP, Buffer B (green), and 3 µM hRad51, 1 mM ATP, buffer B (blue). (**B)** Force versus extension curves for nucleoprotein filaments prepared under various conditions: naked ssDNA (black points); ssDNA--hRad51 filament polymerized with ATP (red); ssDNA--hRad51 filament polymerized with ATPγS (pink); ssDNA--RecA filament polymerized with ATP (blue), and ssDNA--RecA filament polymerized with ATPγS (green). Experimental data are fitted to the WLC model. (**C**) The influence of the stretching force on polymerization of 3 µM hRad51 on ssDNA in the presence of 1 mM ATP and 5 mM Ca^2+^ (buffer B): 6 pN applied force (green), 4 pN applied force (red) and 2 pN applied force (blue). (**D**) Polymerization and depolymerization curves for hRad51 on ssDNA using 3 µM hRad51 and buffer B in the presence of 1 mM ATP (red), 1 mM ATPγS (green) or 1 mM AMP-PNP (blue). The ssDNA was maintained at 6 pN throughout the experiment. In each experiment, the microchannel was rinsed for 10 min with buffer B containing the cofactor used during the polymerization. Table 4.The percentage of ssDNA length covered by hRad51 and the initial velocity of polymerization under different experimental conditionsBuffer type\[hRad51\] varies Force is fixed (6pN)\[hRad51\] is fixed = 3 µM Forces varies200 nM3 µM2.0 ± 0.2 pN4.0 ± 0.4 pN6.0 ± 0.6 pNATP, A buffer (2 mM Mg^2+^)13 ± 5%24 ± 5%------7.4 ± 0.2 nm s^−1^44.2 ± 0.2 nm s^−1^700±20 monomers min^−1^4210 ± 20 monomers min^−1^ATP, B buffer (5 mM Ca^2+^)36 ± 5%88 ± 5%24 ± 5%67 ± 5%88 ± 5%12.8 ± 0.2 nm s^−1^80 ± 10 nm s^−1^13 ± 1 nm s^−1^80 ± 10 nm s^−1^80 ± 10 nm s^−1^1220 ± 20 monomers min^−1^8000 ± 1000 monomers min^−1^1100 ± 90 monomers min^−1^7400 ± 900 monomers min^−1^8000 ± 1000 monomers min^−1^[^3]

We next studied the effect of varying the force applied to a ssDNA molecule during polymerization in buffer B containing 3 µM hRad51 and 1 mM ATP. When the ssDNA was pulled at 2 or 4 pN instead of 6 pN during polymerization, the final length of the filament was shorter, with a coverage of 24 ± 5% and 67 ± 5%, respectively ([Figure 6](#F6){ref-type="fig"}C, blue and red curves, and [Table 4](#T4){ref-type="table"}). Moreover, the initial polymerization velocity was directly proportional to the applied force ([Table 4](#T4){ref-type="table"}).

The polymerization rate of hRad51 on dsDNA, in contrast to ssDNA, was not stimulated by Ca^2+^ and the length versus time curves were not significantly different when calcium was used instead of magnesium (data not shown).

### Depolymerization from ssDNA in the presence of ATP

We analysed the depolymerization kinetics of a hRad51--ATP--ssDNA nucleoprotein filament formed with 3 µM hRad51 and 1 mM ATP in buffer B as for the dsDNA nucleoprotein filament in [Figure 4](#F4){ref-type="fig"}. After monitoring the polymerization on a ssDNA molecule held under an applied force of 6 pN, we rinsed out hRad51 monomers with buffer B and 1 mM ATP for 10 min. We then measured the filament length as a function of time, still pulling the filament at 6 pN ([Figure 6](#F6){ref-type="fig"}D, red curve). In contrast to our findings with unconstrained dsDNA, the hRad51--ssDNA filament was much shorter after rinsing, indicating that a significant fraction of bound hRad51 dissociated from the ssDNA during the rinsing step. Moreover, the filament length continued to decrease sharply a few seconds after the end of the rinsing step and reached a value corresponding to the length of naked ssDNA molecule at this force. At this stage, we measured the force versus extension response of the molecule and obtained mechanical behaviour very similar to that of the initial ssDNA before polymerization (data not shown). Since the length and the mechanical behaviour of the molecule were the same before polymerization and after the rinsing step, we interpret the rapid shortening of the filament in the absence of hRad51 monomers as the consequence of rapid hRad51 depolymerization from the filament. By fitting the length versus time curve to a decreasing exponential function, we obtained a characteristic depolymerization time of 110 s, corresponding to an initial slope of 4.7 ± 0.5 nm s^−1^ i.e. 450 ± 50 monomers min^−1^ or 0.031 ± 0.003 monomer min^−1^ bp^−1^ ([Table 3](#T3){ref-type="table"}). For a hRad51 filament formed on dsDNA, we obtained a linear decrease with a velocity of 2.5 × 10^−2^ ± 2 × 10^−3^ nm s^−1^ (i.e. 3 ± 1 monomers min^−1^) when the filament was pulled at 6 pN ([Table 3](#T3){ref-type="table"}). Depolymerization from a hRad51--ATP--ssDNA filament is thus around 150 times faster than from a hRad51--ATP--dsDNA filament.

### Effect of different nucleotide cofactors on the nucleoprotein filament formation and dissociation on ssDNA

We performed a similar experiment in which we replaced ATP with ATPγS and analysed the polymerization and depolymerization kinetics on ssDNA in buffer B ([Figure 6](#F6){ref-type="fig"}D, green curve). The initial polymerization velocity was very similar to that obtained in the presence of ATP, the percentage of hRad51 coverage was 72 ± 5% and the effective persistence length was *ξ* = 640 ± 40 nm. In the presence of ATPγS, however, the nucleoprotein filament took around 12 times longer to reach an equilibrium length than in the presence of ATP, and the polymerization profile was irregular with some stepwise increases in length. Once equilibrium was achieved, we rinsed the flow cell of free hRad51 monomers with buffer B containing 1 mM ATPγS for 10 min and then measured the depolymerization of the hRad51--ATPγS--ssDNA filament held at 6 pN. In contrast to our findings with dsDNA, we observed no decrease in the nucleoprotein filament length, indicating no depolymerization. The same experiment was performed using AMP-PNP as a cofactor instead of ATPγS ([Figure 6](#F6){ref-type="fig"}D, blue curve, depolymerization curve not shown). With this non-hydrolysable analogue, we obtained a final hRad51 percent coverage of 81 ± 5%, an effective persistence length of 460 ± 40 nm and a depolymerization velocity of less than 0.075 nm s^−1^ ([Table 3](#T3){ref-type="table"}).

DISCUSSION
==========

Polymerization kinetics on dsDNA as a function of applied force
---------------------------------------------------------------

[Figure 2](#F2){ref-type="fig"}A displays the polymerization kinetics of hRad51 on a torsionally unconstrained dsDNA molecule as a function of the force exerted on the DNA at a fixed concentration of hRad51 (200 nM) in buffer A (i.e. with Mg^2+^) with 0.1 mM ATP as the nucleotide cofactor. Data were fitted to a simple analytical model corresponding to random binding (black lines in [Figure 2](#F2){ref-type="fig"}A). Since the depolymerization velocity was two orders of magnitude smaller than the initial polymerization velocity (see [Figure 4](#F4){ref-type="fig"} and [Table 3](#T3){ref-type="table"}), hRad51 depolymerization was not taken into account in this simple analysis. The number of hRad51 monomers, bound to the dsDNA molecule at a given time *t* is then given by: where *N* is the total number of monomers that can polymerize on dsDNA, and *k*~a~ is the hRad51 binding rate constant to dsDNA in s^−1^. Using Equation ([2](#M2){ref-type="disp-formula"}b), the DNA length is given by: where *l*~i~ is the initial extension of the dsDNA before the injection of hRad51, and *l*~f~ the final extension of the nucleoprotein filament measured at the end of polymerization. [Figure 7](#F7){ref-type="fig"} presents the binding constant *k*~a~ extracted from the best fit, as a function of the force applied to the dsDNA molecule during polymerization. We observed that *k*~a~ increases exponentially with this force. According to the Arrhenius law, we expect: where *E*~a~ is the activation energy for protein binding. This exponential decrease suggests that *E*~a~ decreases linearly with the stretching force. Since a DNA molecule is stretched by a factor of 1.5 upon binding Rad51, the free energy of binding must contain a negative term linear in force (independent of the reaction path, since it is a purely mechanical term) and it is thus not surprising that this term be reflected by a linear dependence of the activation energy upon force. A semi-phenomenological microscopic model, however, suggests that only one-third of the activation energy is due to a direct mechanical contribution of the molecule\'s length to the free energy (see Supplementary Data, Section 3). Thus, some contribution may also arise from a deformation of the reaction path on a molecular scale. Figure 7.Graphic of the binding rate *k*~a~ on a dsDNA versus the force applied during the polymerization.

In previous studies, Prasad *et al.* ([@B39]) also analysed hRad51 polymerization on a single dsDNA molecule; they attached dsDNA molecules, labelled at one end with yoyo-1 fluorophores, to a coverslip and stretched the molecules at around 1 pN by means of a liquid flow. HRad51 protein was then injected into the flow cell in the presence of ATP. These authors did not present an analytic model to fit the polymerization kinetics, but the polymerization curve they obtained was close to a sigmoid in the presence of ATP. The difference in the kinetics they observed in their study and those in our present work is probably due to differences in the set-up. With magnetic tweezers, the stretching force exerted on a DNA molecule is uniform along the molecule, whereas in the case of a molecule stretched by a hydrodynamic force, the tension is non-uniform. Since nucleation is very sensitive to the force exerted on DNA, the polymerization kinetics might differ significantly between experiments involving uniform or non-uniform forces. In addition, with hydrodynamic stretching, the force varies with time, due to changes in the length and persistence length of the molecule upon hRad51 binding.

Polymerization on ssDNA
-----------------------

A similar kinetic model was applied to polymerization experiments carried out on ssDNA with 3 µM hRad51 in buffer B (i.e. with Ca^2+^) with ATP as the nucleotide cofactor ([Figure 6](#F6){ref-type="fig"}C). To interpret these data properly, however, we must account for hRad51 depolymerization, which is around 150 times faster than from dsDNA nucleoprotein filaments (compare [Figures 4](#F4){ref-type="fig"} and [6](#F6){ref-type="fig"}D, and see [Table 3](#T3){ref-type="table"}). We therefore modelled the number of hRad51 monomers *n*(*t*) bound to the ssDNA as a function of time, as follows: which leads to: where *k*~a~ is the hRad51 binding rate constant, *k*~d~ is the dissociation rate constant and *N* is the maximum number of hRad51 monomers that can polymerize on a ssDNA molecule. The length versus time curves were fitted to the following equation:

[Table 5](#T5){ref-type="table"} presents the binding and dissociation constant on ssDNA obtained by fitting the experimental data to Equation ([3](#M5){ref-type="disp-formula"}c). We observed that stretching a ssDNA molecule increases the binding constant of hRad51 from 4.3 × 10**^−^**^3^ ± 1 × 10**^−^**^4^ s**^−^**^1^ at 2 pN to 33 × 10**^−^**^3^ ± 4 × 10**^−^**^3^ s**^−^**^1^ at 6 pN. Table 5.The hRad51 binding rate constant, *k*~a~, and dissociation rate constant *k*~d~ as a function of the force applied to the DNA moleculedsDNA, \[hRad51\] = 200 nM, buffer AssDNA, \[hRad51\] = 3 µM, buffer BForce pN*k*~a~ (s^−1^)Force (pN)*k*~a~ (s^−1^)*k*~d~ (s^−1^)2.8 ± 0.22.2 × 10^−3^ ± 2 × 10^−4^2 ± 0.24.3 × 10^−3^ ± 1 × 10^−4^13 × 10^−3^ ± 2 × 10^−3^3.0 ± 0.32.3 × 10^−3^ ± 3 × 10^−4^------4.0 ± 0.42.5 × 10^−3^ ± 1 × 10^−4^4 ± 0.430 × 10^−3^ ± 4 × 10^−3^28 × 10^−3^ ± 7 × 10^−3^6.0 ± 0.63.2 × 10^−3^ ± 4 × 10^−4^6 ± 0.633 × 10^−3^ ± 4 × 10^−3^4.6 × 10^−3^ ± 7 × 10^−3^7.0 ± 0.66.7 × 10^−3^ ± 3 × 10^−4^------dsDNA, \[hRad51\] = 3 µM, buffer B6 pN19 × 10^−3^ ± 1 × 10^−3^[^4]

Finally, we compared the binding constant of hRad51 on ssDNA with that on dsDNA under the same conditions (i.e. 3 µM hRad51, 1 mM ATP in buffer B at an applied force of 6 pN, which are the best conditions among those we tested for hRad51 to polymerize on ssDNA). We found that polymerization was faster on ssDNA than on dsDNA ([Table 5](#T5){ref-type="table"}). Thus, in these conditions, the hRad51 thermodynamic preference for dsDNA is due entirely to the fact that the depolymerization rate from dsDNA is 150 times slower than from ssDNA. As a consequence, in the presence of ATP, ssDNA nucleoprotein filaments are in dynamic equilibrium, but dsDNA ones are not.

Initial polymerization rate on dsDNA as a function of hRad51 concentration, and estimation of the size of the polymerization nucleus
------------------------------------------------------------------------------------------------------------------------------------

In a previous study, Galetto *et al.* ([@B40]) observed RecA polymerization on dsDNA at protein concentrations varying from 86--238 nM. They measured the average number of protein clusters on DNA versus time at various protein concentrations, and applied a simple kinetic model involving a single multimolecular rate-limiting step: They obtained a best-fit value for *α* equal to 4--5, and concluded that this corresponds to the number of protein monomers involved in the rate-limiting step. This result was also confirmed by Joo *et al.* ([@B41]).

Applying a similar approach, we plotted the initial slopes, measured from [Figure 3](#F3){ref-type="fig"}A, as a function of hRad51 concentration ([Figure 3](#F3){ref-type="fig"}B), and fitted them to Equation ([4](#M8){ref-type="disp-formula"}). The fit yields α = 5.5 ± 1.5, a value very similar to the value 4--5 obtained for RecA: this suggests a common nucleation mechanism for RecA and hRad51. Following the argument proposed by Galetto *et al.* ([@B40]), this would suggest that the rate-limiting step for hRad51 binding involves 5 or 6 monomers. Interestingly, this stoichiometry is very similar (within experimental error) to 6.4, the number of hRad51 monomers per helical turn in the filament. Structural information provides a simple rationale for this interpretation: extension of a helical nucleus by the docking of a new protein involves one protein--protein interaction if the nucleus has less than one turn, but it can involve two interactions (one along the helix spiral and one from one turn to the next), if the nucleus has one full turn or more. It is thus reasonable that the binding constant and the initial polymerization rate increases after the nucleus has reached the size of one helix turn.

This interpretation is probably oversimplified, however, since [Figure 3](#F3){ref-type="fig"}A also shows that the nucleoprotein filament polymerization curve does not have the same shape at all concentrations. This suggests complex kinetics involving several kinetic constants, which may not have the same concentration dependence (discussed further below). From a qualitative and phenomenological point of view, however, it probably remains safe to conclude that hRad51, as RecA, involves in its initial nucleation stage a nucleus of 5 to 6 monomers.

Mechanisms of hRad51 polymerization on dsDNA
--------------------------------------------

The polymerization of hRad51 is more complex than that of RecA, and three qualitatively different regimes were observed when the hRad51 concentration was varied. At 50 nM and below, we observed no polymerization, even after several hours. At 100 nM roughly linear growth of the filament and an abrupt saturation was observed (compare [Figure 3](#F3){ref-type="fig"}A, green curve with [Figure 1](#F1){ref-type="fig"}B of Ref. ([@B37]), or with Ref. ([@B20])), reminiscent of the growth of RecA nucleoprotein filaments. This suggests a growth mechanism involving a single nucleation site, followed by polymerization at constant speed. We interpret the arrest of polymerization at a finite coverage in the present experiments on hRad51 as the consequence of sequence-specific nucleation and growth (see Supplementary Data).At 125 nM and 150 nM, more complex behaviour was observed with definite stepwise growth and plateaus ([Figure 3](#F3){ref-type="fig"}A, magenta and blue curves). This is consistent with a mechanism in which nucleation and growth occur at similar rates, so that the global increase in the molecule\'s length appears as a superposition of several individual events (nucleation, growth and stop). An analysis of the growth slopes revealed that they take discrete values (Supplementary Data Figures SF3 and SF4 and text), corresponding to discrete numbers of polymerization fronts growing in parallel. This allows an evaluation of the growth rate of a single front of 1 ± 0.4 nm s^−1^, roughly corresponding to 110 ± 40 monomers min^−1^. For comparison, the polymerization rate of a RecA nucleoprotein filament on dsDNA was 750 ± 12 monomers min^−1^ ([@B20]) in the presence of ATP, i.e. about seven times faster than hRad51.At 200 nM hRad51 and higher concentrations, a smooth and fast exponential growth is observed in which nucleation is much faster than growth, and many discrete nucleation sites are simultaneously active so that no individual step can be discerned.

Structure and persistence length of dsDNA nucleoprotein filaments
-----------------------------------------------------------------

[Table 6](#T6){ref-type="table"} summarizes the data we obtained on hRad51 nucleoprotein filament assembly/disassembly and mechanical properties. Our polymerization experiments performed at high forces and at high hRad51 concentration (conditions in which polymerization is the fastest and the most reproducible), lead to a percent coverage of 82 ± 2% on dsDNA in the presence of ATP ([Table 6](#T6){ref-type="table"}). This was calculated assuming a rise per bp increased by a factor 1.5 ± 0.1 when compared to B-DNA. None led to a calculated coverage larger than 100%. Thus, our data are consistent with our initial assumption that hRad51 stretches both ssDNA and dsDNA by a factor 1.5 ± 0.1 when compared to B-DNA. This extension factor is close to that obtained with RecA, but some differences between the two proteins appear when the force versus length responses of the nucleoprotein filaments are compared. The persistence lengths obtained previously and under similar experimental conditions for RecA--dsDNA filaments were 450 ± 20 and 690 ± 40 nm with ATP and ATPγS, respectively ([@B20],[@B37],[@B42]). The effective persistence lengths of hRad51 filaments we obtained (390 ± 150 and 270 ± 80 nm for hRad51-ATP-dsDNA and hRad51-ATPγS-dsDNA nucleoprotein filaments, respectively, [Table 6](#T6){ref-type="table"}) are smaller than those of RecA (870 ± 130 and 960 ± 57 nm for RecA-ATP-dsDNA and RecA-ATPγS-dsDNA nucleoprotein filaments, respectively) ([@B42]). Moreover, we measured larger fluctuations from one experiment to another (Supplementary Data, Table ST1). This may be explained by differences in the polymerization mechanisms of the two proteins. RecA polymerizes by a slow nucleation followed by fast growth at all concentrations, whereas, as discussed above, hRad51 polymerization occurs by slow nucleation at low monomer concentrations (around 100 nM), and fast multiple nucleations at higher concentrations (200 nM and above), where a large coverage is obtained. Since one protein covers three base pairs at once, independent nucleation at many sites should lead to a large number of short independent nucleoprotein filaments along the DNA, nucleated at random and not in register. Thus, the hRad51 nucleoprotein filament should contain many defects (see Supplementary Data for more details). For RecA, by contrast, polymerization occurs through a small number of nucleation sites from which the protein polymerizes rapidly ([@B20],[@B40]), and this high processivity should lead to a small number of long nucleoprotein domains. In addition, the fast depolymerization of RecA from dsDNA in the presence of ATP (120 monomers·min^−1^, ([@B41])) may help to remove any remaining defects through a process of depolymerization and repolymerization. HRad51 polymerization from multiple nucleation sites and its slow depolymerization may contribute to the formation of nucleoprotein filaments with numerous and random discontinuities. This might explain why the percent coverage of DNA by hRad51 is less reproducible from one experiment to another than the same measurements with RecA, and why hRad51 filaments are less rigid than RecA filaments. Table 6.Summary of the data on hRad51 nucleoprotein filament assembly/disassembly and mechanical propertieshRad51ssDNADsDNAPersistence length with ATP (WLC)360 ± 30 nm390 ± 150 nmPersistence length with ATPγS (WLC)670 ± 30 nm270 ± 80 nmAverage percent coverage in the presence of ATP88 ± 2% (3 µM hRad51, 6 pN)82 ± 2% (200 nM hRad51, 6 pN)Average percent coverage in the presence of AMP-PNP72 ± 5% (3 µM hRad51, 6 pN)45 ± 16% (200 nM hRad51, 6 pN)Average percent coverage in the presence of ATPγS72 ± 3% (3 µM hRad51, 6 pN)35 ± 4% (200 nM hRad51, 6 pN)Initial polymerization velocity in the presence of ATP80 ± 10 nm s^−1^7.8 ± 0.2 nm s^−1^    (nm s^−1^ and monomers min^−1^)8000 ± 1000 monomers min^−1^ (3 µM hRad51, 6 pN)840 ± 20 monomers min^−1^ (200 nM hRad51, 6pN)Depolymerization velocity in the presence of ATP450 monomers min^−1^ (6 pN)3 monomers min^−1^ (6 pN)Cooperativity during polymerization, with ATP (number of monomers involved in a nucleus)--5.5 ± 1.5

Comparison with AFM experiments
-------------------------------

Ristic *et al.* ([@B34]) recently reported a study of nucleoprotein hRad51 filaments assembled on dsDNA and ssDNA with various cofactors. Apart from very preliminary real-time measurements of the hRad51 polymerization by magnetic tweezers, most of this study focused on images obtained by AFM after immobilization of the DNA on a surface. Essentially, two types of filaments were observed: 'regular' filaments, resembling those previously reported for RecA--DNA nucleoprotein filaments, and 'irregular' filaments, involving proteins as individual spots distributed around a curvilinear path, on a width of typically more than 100 nm. If such a spatial distribution reflects the actual distribution of proteins along a nucleoprotein filament in solution, we might expect spectacular differences in the nucleoprotein filament length and persistence length. However, we saw no strong correlation between filament length and persistence length measured in our experiments ([Table 4](#T4){ref-type="table"}), or between the persistence length of the filaments we obtained in a given buffer, and the regularity of the filaments as observed in ([@B34]) with a comparable buffers.

We observed higher coverage of ssDNA by hRad51 when the filaments were assembled in the presence of Ca^2+^ than in the presence of Mg^2+^ ([Table 4](#T4){ref-type="table"}): this correlates with the report that filaments assembled in the presence of Ca^2+^ were more regular than those assembled in Mg^2+^ ([@B34]). For hRad51 coverage of dsDNA, however, there is less agreement between the two studies. For instance, we measured a shorter persistence length and percent coverage for nucleoprotein filaments assembled with AMP-PNP than for those assembled with ATP, whereas Ristic *et al.* ([@B34]) report more regular filaments when assembled in AMP-PNP rather than ATP. It is very unlikely that a spreading of hRad51 proteins as a 'cloud' extending over several tens of nanometres reflects the actual distribution of the proteins in the filament in solution, since this would yield very weak and unstable protein--protein interactions. More probably, these clouds result from a dissociation of proteins from the nucleoprotein filament during the immobilization process. Such artefacts can arise from numerous sources and have been reported by other groups (E. Le Cam, personal communication).

SsDNA, dsDNA and the role of ATP hydrolysis and partner proteins
----------------------------------------------------------------

A major difference between RecA and hRad51, reported widely in the literature ([@B6],[@B21],[@B22]), is that the RecA prefers to polymerize on ssDNA whereas hRad51 has a higher affinity for dsDNA. Our data reported here agree with this general interpretation, however, we demonstrate that hRad51 actually polymerizes faster on ssDNA than on dsDNA ([Table 6](#T6){ref-type="table"}, see 'initial polymerization velocity in the presence of ATP'). Its thermodynamic preference for dsDNA is entirely due to a depolymerization rate 150 times slower from dsDNA than from ssDNA ([Table 6](#T6){ref-type="table"}, see 'depolymerization velocity in the presence of ATP'). Then two questions arise: first, can we understand the reasons for this slow depolymerization on a molecular basis, and second, what consequences can it have on the strand-exchange process?

For RecA, it was shown that depolymerization is triggered by ATP hydrolysis ([@B18]), so we first investigated the effect of ATP hydrolysis on hRad51 depolymerization using poorly hydrolysable ATP analogues. We showed that in the presence of ATP, hRad51 monomers depolymerize from ssDNA with a dissociation rate of 13 × 10^−3^ ± 2 × 10^−3^ s^−1^ at the lowest force (2 pN, [Table 5](#T5){ref-type="table"}), whereas in the presence of ATPγS or AMP-PNP, depolymerization is extremely slow. Moreover, the hRad51 catalytic constant for ATP hydrolysis, *k*~cat~ obtained in bulk experiment in the presence of ssDNA ([@B6]) (0.28 min^−1^) and the dissociation constant obtained in this study (13 × 10^−3^ ± 2 × 10^−3^ s^−1^ i.e. 0.8 ± 0.1 min^−1^) are in the same order of magnitude (note that, under our experimental conditions, the ATP hydrolysis rate is given by *k*~cat~ because the ATP concentration is much larger than *K*~m~, the Michaelis constant ([@B6])). Correlating depolymerization of hRad51 from ssDNA with ATP hydrolysis is also consistent with the results of a previous study ([@B22]) using a hRad51 mutant (Rad51K133R) that binds to ssDNA but does not hydrolyse ATP. Thus, our results are fully consistent with the suggestion, already made on the basis of bulk experiments that hRad51 depolymerization from ssDNA correlates with ATP hydrolysis.

In the case of hRad51 depolymerization from dsDNA, the situation is quite different. The k~cat~ in the presence of dsDNA, as reported in the literature ([@B6]), is not very different from that measured in the presence of ssDNA (0.12 min^−1^ for dsDNA and 0.28 min^−1^ for ssDNA), yet we observed that depolymerization from dsDNA was 150-fold slower than from ssDNA. This suggests that ATP hydrolysis does not trigger hRad51 depolymerization from dsDNA, but that the protein remains bound to DNA in an ADP-bound form. Assuming that the rate of conversion from a hRad51--ATP--dsDNA filament to a hRad51--ADP--dsDNA filament is similar to the rate of ATP hydrolysis reported in ([@B6]) (0.28 min^−1^), and comparing this rate to the dissociation rate of hRad51 from dsDNA measured here, one might expect that, in the steady state, most hRad51--dsDNA nucleoprotein filaments prepared with ATP *in vitro* are in the hRad51--ADP--dsDNA form.

In summary, ATP hydrolysis and its consequences for nucleoprotein filament depolymerization are very different for hRad51 and RecA. First, RecA hydrolyses ATP much more rapidly than hRad51 hydrolyses ATP, and second, dissociation of RecA monomers from both ssDNA and dsDNA correlates with ATP hydrolysis ([@B6],[@B18; @B19; @B20]). In contrast, dissociation of hRad51 monomers from ssDNA, correlates with ATP hydrolysis, but hRad51 dissociation from dsDNA is independent of the rate of ATP hydrolysis.

The high affinity of hRad51 for dsDNA and its slow dissociation seems counterintuitive for a DNA repair process that we might imagine would initiate on ssDNA. It suggests that, *in vivo*, other partners and mechanisms must come into play to restore the preference of hRad51 for ssDNA. Rad54 may be one such protein partner: hRad54 interacts with hRad51 to stabilize ssDNA nucleoprotein filaments ([@B43]).

The slow rate of hRad51 dissociation from dsDNA is also intriguing in the light of recent findings about RecA-mediated strand exchange, in which depolymerization of RecA was associated with ATP hydrolysis and shown to be essential for the release of the exchanged nucleoprotein filament after strand exchange ([@B44; @B45; @B46; @B47]). The detailed mechanisms involved are still unclear, but the energy from ATP hydrolysis is thought to fuel irreversible strand exchange and to bypass sequence heterologies in the RecA-mediated homologous recombination reaction. Our data show that, in the presence of ATP, hRad51 remains attached to dsDNA and depolymerization is slow. Thus, in contrast with the behaviour of RecA, spontaneous hRad51 depolymerization from heteroduplex dsDNA is probably not an efficient mechanism for terminating strand exchange and releasing the exchanged pair as a free dsDNA molecule. Another mechanism must be at work. This could be an other important role of hRad54 (beyond its stabilization effect on hRad51-ssDNA nucleoprotein filaments), since it was recently shown that Rad54 can dissociate Rad51 from dsDNA in an ATP-dependent manner ([@B9; @B10; @B11]). This view is also supported by recent work by Kiianitsa *et al.* ([@B10]) showing that Rad51 bound to heteroduplex dsDNA, the product of homologous recombination after DNA strand exchange, stimulates the Rad54 ATPase activity up to six-fold, and leads to a faster turnover of Rad51 in the product complex.

This brief comparison between hRad51 and RecA is consistent with the fact that RecA catalyses homologous pairing and strand exchange efficiently in the absence of other proteins ([@B5]) whereas hRad51 protein seems to require the assistance of numerous partners to perform the same activities. Besides Rad54 ([@B9],[@B10],[@B11],[@B43]), other factors such as RPA, Rad52 ([@B48; @B49; @B50; @B51; @B52; @B53]) and Brca2 ([@B54],[@B55]), have been proposed as putative partners in homologous recombination in eukaryotes. *In vivo*, RPA protein (the counterpart of single strand-binding protein, SSB in higher eukaryotes) removes secondary structures from ssDNA; hRad52 and Brca2 enhance the ability of hRad51 to displace RPA from ssDNA and to form extended nucleoprotein filaments on ssDNA ([@B53; @B54; @B55]). Our study of hRad51 nucleation, growth and dissociation shows that hRad51 lacks some of the essential functions of RecA; overall, these functions seem to correspond well to those accomplished by hRad51 partner proteins.

CONCLUSIONS
===========

We observed in real time the formation of hRad51 nucleoprotein filaments on topologically unconstrained dsDNA and ssDNA, under various conditions and in real time. In each case, we analysed the assembly and disassembly dynamics of the DNA--hRad51 nucleoprotein filaments and measured their persistence lengths.

The polymerization kinetics of hRad51 are more complex than those of RecA and present several regimes depending on protein concentration, probably reflecting a different balance between nucleation and growth. The initial growth rate scales as the fifth or sixth power of the concentration. Following the method proposed by Galletto *et al.* ([@B40]) for RecA, we deduce from this power that the nucleus necessary for triggering cooperative growth of a filament may involve five or six monomers of hRad51. We also suggest that this local cooperative growth might arise from specific, protein--protein interactions that occur when a full turn of the protein helix has been assembled.

Our data also suggest that polymerization occurs by slow nucleation and fast growth at low hRad51 concentrations, leading to a high cooperativity, and by fast nucleation at multiple sites at high hRad51 concentrations, leading to a low cooperativity. This contrasts with RecA, whose polymerization at all concentrations involves a slow nucleation step followed by extensive growth.

The extensive literature on homologous recombination in both prokaryotes and eukaryotes suggests that during the evolution of higher eukaryotes, several functions accomplished solely by a RecA-like ancestral protein were divided between Rad51 and its paralogues. This greater complexity of the homologous recombination process in eukaryotes may well allow for diverse regulatory mechanisms depending on, for example, the specialization of particular cell types or their state of differentiation. We are far from a complete understanding of the associated pathways and regulation mechanisms, however. For instance, we do not understand why, during evolution, the main actor of homologous recombination has 'lost' its preference for ssDNA compared to dsDNA, which seemed a very efficient way of avoiding dispersal of the protein on the vast excess of dsDNA not requiring repair. Our study provides a first clue to this apparent paradox: we confirm that, from a thermodynamic point of view, the favourite substrate of hRad51 is dsDNA, however, we demonstrate that hRad51 polymerizes faster on ssDNA than on dsDNA, and that its thermodynamic preference for dsDNA is entirely due to a depolymerization rate 150 times slower from dsDNA than from ssDNA. We also confirm that hRad51 dissociation correlates with ATP hydrolysis for ssDNA but not for dsDNA. Our data suggest that hRad51--ATP--dsDNA is converted into a relatively stable hRad51--ADP--dsDNA nucleofilament, before significant depolymerization occurs. This very slow depolymerization of hRad51 from dsDNA raises intriguing questions about the mechanisms used by higher eukaryotes to free the exchanged duplex rapidly after strand exchange and to reassemble it into chromatin. In *E. coli*, RecA dissociation is spontaneous and associated with ATP hydrolysis but another mechanism must be at play in higher eukaryotes. This may be the role of one or several partner proteins of hRad51. In particular, recent data highlight the probable importance of Rad54, which can dissociate dsDNA--Rad51 filaments by an active, ATP-dependent translocation mechanism ([@B10],[@B11]). Our data show that the mechanisms responsible for hRad51 dissociation *in vivo* and the 'dsDNA preference paradox' are closely linked. This makes investigation of the role of partner proteins, such as RPA, Rad52 and Rad54, all the more timely and desirable.
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[^1]: We measured the initial polymerization velocity and the final filament length for each force, and calculated the relative extension (percentage of coverage by active filament) as described in the Results section.

[^2]: In all these experiments, the nucleoprotein filament was held in the magnetic tweezers at an applied force of 6 pN during polymerization and the depolymerization in the presence of 0.1 mM ATP or the non-hydrolysable ATP analogue AMP-PNP. The hRad51 concentration was 200 nM in the experiments on dsDNA and 3 µM on ssDNA. For dsDNA, the filament was also maintained successively at 6, 3 and 1.5 pN to measure the force\'s influence on the depolymerization rate. The error bars are given by the fit for each individual experiment.

[^3]: The error bars are given by the fit for each individual experiment. Each case of the table contains three lines: Line 1: percent coverage; Line 2: polymerization rate in nm/s; Line 3: Polymerization rate in monomers per min.

[^4]: For dsDNA, the experimental curves were fitted using [equation 2](#M2){ref-type="disp-formula"}c, whereas for ssDNA we used [equation 3](#M5){ref-type="disp-formula"}c. The error bars are given by the fit for each individual experiment (note that, since hRad51 binding is not a simple bimolecular process, but involves cooperativity and different dynamic regimes, these constants are effective values at a fixed hRad51 concentration, and do not necessarily reflect directly microscopic rate constants).
